Abstract. Astroglial cells in vivo and in vitro respond to hormones, growth factors, and neurotransmitters by changing from an epithelial-like to stellate morphology. We have studied the temporal relationship between receptor activation, second messenger mobilization, and morphological changes using LRM55 astroglial cells. Maintenance of an altered morphology required continuous beta-adrenergic receptor activation. These changes appeared to be mediated by cAMP since they were elicited by its analogue, dihutyryl cAMP, and by forskolin, a direct activator of adenylate cyclase. Changes in cell morphology may require a relatively small increase in intracellular cAMP, since receptor-stimulated changes in cAMP levels were transient and peaked •5 min after receptor activation while changes in morphology took at least 30 min to reach a new steady state. Time-lapse videomicroscopy and high voltage electron microscopy indicated that receptor activation resulted in a sequence of morphological events. Time-lapse observations revealed the development and enlargement of openings through the cytoplasm associated with cytoplasmic withdrawal to the perinuclear region and process formation. Higher resolution high voltage electron microscopy indicated that the transition to a stellate morphology was preceded by the appearance of two distinct cytoplasmic domains. One contained an open network of filaments and organelles. The other was characterized by short broad cytoplasmic filaments. The first domain was similar to cytoplasm in control cells while the second was associated with the development and enlargement of openings through the cytoplasm and regions of obvious cytoplasmic withdrawal. D FFERENTIATION of astrocytes in vivo (9, 24, 36, 37) and in vitro (8, 13, 14, 16, 21, 25, 32) is associated with dramatic changes in cell morphology. Cells change from an epithelial-like to a stellate morphology. Similar changes are observed in certain populations of astrocytes in the adult brain. Astrocytes in the supraoptic nucleus undergo dramatic morphological changes at parturition and after water deprivation by extending and withdrawing processes (24, 36, 37). When astrocytes in primary cell culture (3, 13-15, 21, 25, 31, 32) or C-6 glioma cells (22) are treated with beta-adrenergic agonists, activators of adenylate cyclase, or analogues of cAMP, cells change from an epitheliallike to a stellate morphology. These studies have demonstrated the occurrence of morphological changes, but have not thoroughly examined the relationships between beta-adrenergic receptor activation, intracellular CAMP, and morphology.
D
FFERENTIATION of astrocytes in vivo (9, 24, 36, 37) and in vitro (8, 13, 14, 16, 21, 25, 32) is associated with dramatic changes in cell morphology. Cells change from an epithelial-like to a stellate morphology. Similar changes are observed in certain populations of astrocytes in the adult brain. Astrocytes in the supraoptic nucleus undergo dramatic morphological changes at parturition and after water deprivation by extending and withdrawing processes (24, 36, 37) . When astrocytes in primary cell culture (3, 13-15, 21, 25, 31, 32) or C-6 glioma cells (22) are treated with beta-adrenergic agonists, activators of adenylate cyclase, or analogues of cAMP, cells change from an epitheliallike to a stellate morphology. These studies have demonstrated the occurrence of morphological changes, but have not thoroughly examined the relationships between beta-adrenergic receptor activation, intracellular CAMP, and morphology.
Since activation of beta-adrenergic receptors stimulates the synthesis of cAMP in primary cell cultures of astrocytes (10, 12, 31, 38) and in C-6 cells (6, 23) , it has been proposed that changes in morphology result from activation of cAMPdependent protein kinase (7, 20) . Consistent with this hypothesis is the observation that activation of beta-adrenergic receptors results in the phosphorylation of the intermediate filament proteins, glial fibrillary acidic protein (GFAP) 1 and vimentin (7, 20, 25) .
LRM55 astroglial cells express a number of phenotypic characteristics common to astrocytes in primary cell culture, including beta-adrenergic receptors that activate adenylate cyclase (18) . Furthermore, we have shown that when LRM55 cells are exposed to isoproterenol for periods of time sufficient to produce a change in morphology, i.e., >30 min, there is a transient increase in intraceUular cAMP (18) . In this report we present data describing the temporal relationship between receptor occupancy, intracellular cAMP accumulation, and changes in cytoarchitecture associated with changes in cell morphology. 400-p.1 aliquot were plated on 11 x 22-mm glass coverslips in 35-mm culture dishes. Coverslips were sterilized by cleaning in 70% ethanol and flaming. Surface tension kept the aliquot isolated on the coverslip, and the following morning, after cells had attached, the dish was flooded with 2 ml of growth medium. Cells were allowed to grow until they were "~50% confluent. For time-lapse video microscopy, cells were plated onto 24.5-mm round coverslips (Nicholson Precision Instruments, Gaithersburg, MD) using a similar procedure. For ultrastructural analysis cells were plated onto Formvar-carbon-coated gold grids secured to a coverslip by Formvarcarbon film. The coverslips, films, and grids were sterilized in 35-mm culture dishes by ultraviolet irradiation.
Cells were washed free of growth medium by rinsing three times with Hepes-buffered Hanks' saline (HBHS) (30) at 370C before exposure to receptor agonists and preparation for cAMP analysis or fixation.
lime-Lapse Videomicroscopy
Coverslips were transferred to a Dvorak-Stotler chamber (11) (Nicholson Precision Instruments, Rockville, MD) in culture medium. After mounting in the chamber, cells were continuously perfused with HBHS at 0.4 ml/h using a syringe pump (model 341; Sage Instruments, Cambridge, MA). Faster perfusion (0.9 ml/min) was used for rapid addition of (-)-isoproterenol or control (HBHS) solutions. Cells were observed with an upright Zeiss microscope using a 40x planachromatic objective and Nomarski differential interference contrast optics. Video-enhanced contrast was obtained using a Hamarnatsu C1000-01 video camera (1) . Images were recorded in time-lapse mode using a Panasonic NV-8050 video cassette recorder, so that time was speeded up by a factor of six. The final magnification on the video monitor was 3,200. The light path included a Calflex heat reflection filter and monochromatic green filter (Zeiss VG9; 546 nm). The chamber was maintained at 35~ using an Air Stream Stage Incubator (model C300; Nicholson Precision Instruments), and temperature was monitored using a thermistor taped to the Dvorak-Stotler chamber.
cAMP Measurement
The intraceUular cAMP content was measured by an HPLC separation method (19) adapted from the procedures of Lin et al. (17) . Briefly, cells were grown in 24-well trays and incubated at 37~ with 250 ttl of [3H]adenine in HBHS (10 IxCi/rnl) for 60 min to label the intracellular ATP pool. cAMP production was stimulated by adding 25 ttl of agonist. After further incubation, the reaction was stopped by aspirating the medium, and adding 250 gl 0.3 M NaOH. 10 gl of cold cAMP (0.1 rng/ml) was added to each sample as a marker. The contents of the wells were transferred to a microcentrifuge tube, the wells were washed with 250 gl of H20, and the wash added to the same tube. Proteins and noncyclic nucleotides were precipitated by adding 100 gl ZnSO4 (0.75 M) and separated from the cAMPcontaining supernatant by centrifugation. A 50-gl portion of the cell supernatants was injected into a 5-mm NOVA-PAK C18 Radial-PAK cartridge (Waters Associates, Milford, MA). cAMP was separated from other radiolabeled adenine derivatives using a mobile phase of 0.1 M (NH4)2PO4, 1% methanol, pH 3.0, pumped at 1 ml/min. The eluate fractions containing the CAMP were collected and radioactivity was measured by liquid scintillation counting. Recovery of cAMP using this method was >90% and variation between triplicate wells was <10%.
Protein content of cell samples was measured by a dye-binding method (3).
Preparation of CeUs for Quantitative Morphologic Analysis
After experimental treatments, cells were fixed for 10 min in 2% glutaraldehyde in s-collidine buffer, pH 7.4, at 37~ rinsed in HBHS, rinsed rapidly in distilled water, and mounted directly onto slides with a waterbased mounting medium (Glycergel; Dako Corp., Santa Barbara, CA). Cells were observed and photographed using phase contrast or differential interference contrast optics with a Leitz Ortholux 2 microscope.
Quantitative analysis was done using coded slides to prevent the scorer from knowing the treatment of samples being observed. Changes in cell morphology were measured by observing randomly chosen fields on each coverslip. All cells within each field were scored, and 10 fields or at least 250 cells were observed on each coverslip. Transition to a stellate morphology was defined as the formation of spikelike processes. Cells were scored as "plus" or "minus" bearing spikes. Any cell with at least one process as long as the long axis of the perinuclear region was scored "plus". These cell counts were then used to calculate the percentage of cells bearing spikes ([cells bearing spikes/total cells observed] x 100).
Preparation of Cells for High Voltage Electron Microscopy (HVEM)
Cells were treated and fixed in glutaraldehyde as described above, postfixed in 1% s-collidine-buffered OsO4 at room temperature for 10 min, stained en bloc using 2% aqueous uranyl acetate for 20 min, dehydrated in graded ethanols, and critical point dried from CO2. Three 100% ethanol dehydration steps were used, the last two with ethanol stored over a molecular sieve for at least 2 mo to remove residual water. Two other precautions were also taken to eliminate HzO during critical point drying. Grade IV CO2 was used with 'M0 ppm residual H20 and the gas was passed through an inline molecular sieve between the tank and critical point drying unit. During CO2 exchanges the critical point drying unit was agitated to insure complete flushing of the ethanol (28) .
Cells were observed at 1.0 MeV in the Wadsworth Center for Laboratories and Research AEI Mark VII 1.2 MeV HVEM using the stage and methods previously described (33) (34) (35) .
Results
Activation of beta-adrenergic receptors on LRM55 astroglial cells with 100 nM (-)-isoproterenol resulted in a rapid increase in the intracellular concentration of cAMP ( Fig. 1) . Intracellular cAMP levels reached a maximum "~5 min after receptor activation and then declined to <50 % of the maximum after 60 min. The elevated levels of intracellular cAMP were the result of continuous receptor activation since inhibition of receptor activation of adenylate cyclase by subsequent addition of 100 gM propranolol, a beta-adrenergic antagonist, caused a rapid drop in the intracellular cAMP levels to control values ( Fig. 1, open 
squares).
The effects of beta-adrenergic receptor stimulation on cell morphology were observed both by continuously viewing cells using time-lapse videomicroscopy ( Fig. 2 ) and by fixing cultures at various times after exposure and determining the percentage of cells bearing spikes (Fig. 3) . When cells were perfused with 1 gM (-)-isoproterenol, a concentration suf- ficient to maximally activate cAMP production (18), subfie changes in cell morphology were observed almost immediately by time-lapse videomicroscopy. The first effects of the beta agonist were observed as an apparent increase in saltatory movement of cell organelles; subsequently cytoplasm withdrew toward the perinuclear region, which became thicker and more rounded (see micrograph at 5 min, Fig. 2 ). Cytoplasmic withdrawal and process formation was associated with the development of openings through the cytoplasm. We will call these openings "embrasures: Embrasures developed as a result of slow withdrawal of cytoplasm. Processes formed as numerous embrasures enlarged (see micrographs at 15, 25, and 40 min, Fig. 2 ). As this process of embrasure opening and enlargement continued, one or several major processes developed with many shorter secondary processes (see 25-min micrograph, Fig. 2 ). Smaller processes continued to form for as long as ceils were observed (60 min). No membrane ruffling was associated with the withdrawing plasma membrane. No changes in morphology were observed in control cultures (see Fig. 2 , left). The change in cell morphology was quantified as a percentage of cells bearing spikes at various times after treatment (see Materials and Methods). Using the criteria of at least one process equal in length to the diameter of the perinuclear region for measuring changes in cell morphology, we did not observe any significant changes until after 10 rain of treatment (Fig. 3) . By 30 min, the number of cells beating processes had reached a maximum and remained constant for an additional 30 min. In other experiments we have observed that spikelike projections are maintained after 24 h of continuous treatment with (-)-isoproterenol (100 nM-l.O IxM).
Two experiments demonstrate that the effects of (-)-isoproterenol occurred via specific interaction with beta adrenergic receptors. First, cells were treated with the optically inactive isomer (+)-isoproterenol (Fig. 3, open circles) .
(The beta-adrenergic receptor has high stereo selectivity for agonists; (+)-isoproterenol is ,,ol00-fold less effective than the stereoactive isomer for stimulating cAMP synthesis [18] ). When cells were treated with 100 nM (+)-isoproterenol no change in morphology was observed at 30 min and by 60 min <20% of the cells had changed shape. These changes may he due to the weak agonist activity of this isomer.
In a second experiment cells were first incubated with 100 nM (-)-isoproterenol for 10 min and then continuously exposed to (-)-isoproterenol and 100 txM propranolol for a total of 60 min (Fig. 3, open squares) . These conditions should have produced a rapid fall in the intracellular cAMP levels after the maximum level had been reached (see Fig. 1 ). No changes in cell morphology were observed at 30 min and only a few cells had changed shape by 60 min. No changes in cell morphology were observed in control cells (Fig. 3) after 60 min incubation in HBHS. Thus, (-)-isoproterenolstimulated changes in cell morphology are the result of specific activation of beta-adrenergic receptors and continu- 
Dibutyryl cAMP and forskolin were used to demonstrate that observed changes in cell shape were due to receptoractivated increases in intracellular cAMP. Dibutyryl cAMP is a membrane-permeable analogue of cAMP and caused rapid changes in LRM55 astroglial cell morphology similar to those observed with (-)-isoproterenol (Fig. 4, open squares) . Forskolin is a direct activator of adenylate cyclase (2, 29) . When cells were treated with 10 gM forskolin, parallel increases in intraceUular cAMP (Figure 4 , open circles) and cells bearing spikes (solid circles) were observed. The effects of dibutyryl cAMP and forskolin reached a maximum by 20 min and were maintained for 60 min.
In all experiments observing shape change some cells (~<25 % ) did not develop processes, but became very flat and thin. These cells may represent a subset of cells within the population that cannot form embrasures and processes or may be proceeding to change shape at a slower rate.
If maintenance of the process-beating morphology requires continuous receptor activation the effects of the receptor agonist should be reversible. To test this hypothesis, cells were treated with 100 nM (-)-isoproterenol for 60 min, washed free of (-)-isoproterenol by removing the incubation medium, rinsed three times with HBHS, incubated with I-IBHS for additional times, fixed, and observed. Cells slowly returned to their control morphology (tu2 = 90 min) (Figs. 5 and 6, solid circles). This process was much slower than the observed decrease in intracellular cAMP after washing cells free of (-)-isoproterenol (tt~ ~<2 min) (Fig. 6, open 
circles).
Nonstimulated controls showed no change in morphology (Fig. 6, solid triangles) . It appeared that the return to a morphology similar to that observed before trealment occurred by the moving of cytoplasm back down the spikelike processes (Fig. 5) .
Higher resolution studies of cell morphology were carried out on whole mounts prepared for HVEM. In control cells (Fig. 7 A) the thinner peripheral cytoplasm was uniform, extensively spread, and contained filamentous elements. The number of mitochondria decreased as the cytoplasm thinned and delicate vertical filopodia and rnicrospikes were occa- The peripheral regions of cells fixed after 20 min treatment with (-)-isoproterenol were generally thinner and contained fewer organelles than controls. The periphery of some ceils contained large numbers of embrasures (Fig. 7 B) and the organelles appeared not to be uniformly distributed (Fig. 7  C, upper right) . Major processes were apparent in cells in which embrasures were more numerous and had enlarged (Fig. 7 C, center and lower right) . The increase in electron density of the nuclear regions and primary processes was coupled with embrasure development indicating the withdrawal of cytoplasm from the periphery into these regions. Video light microscopy indicated that active cytoplasmic movement and withdrawal occurred at these sites. Most ceils had one or two major processes corresponding to the primary axis and numerous smaller processes producing a scalloped appearance along the cell periphery. The carbon-coated Formvar substrate was usually observed to be wrinkled under the perinuclear region of cells with well-developed processes. The wrinkles were perpendicular to the primary axis of the cell, indicating that the withdrawal of cytoplasmic elements to the perinuclear region occurred by means of active contraction (see Fig. 7 C) .
In broad peripheral regions, the cytoplasm appeared to be organized into organelle-free and organelle-containing domains (Figs. 7 and 8) . In many cells these domains were radially organized and parallel (Fig. 8) . The cytoplasm in organelle-containing domains consisted of an open network of delicate uniform filaments. The cytoplasm of the organeUe-free domains consisted of a denser network that appeared fused and condensed (see regions F and C, respectively, in Figs. 8 and 9 ). Regions of condensed cytoplasm were usually associated with embrasure development and enlargement, including the finer processes producing the scalloped appearance of the ceil periphery (Figs. 7 C and 9 ). These regions were not exclusively observed along the periphery of cells, but were also seen in more central portions of cytoplasm (Figs. 7 B) . Treated cells commonly exhibited condensed cytoplasm, and the transition from filamentous to condensed was abrupt (Figs. 8 and 9 ). Similar condensation was rarely observed in control ceils, and then only in regions exhibiting vertical projections and filipodia indicative of cytoplasmic motion.
Discussion
Activation of beta-adrenergic receptors on LRM55 astroglial cells results in a cAMP-dependent change in cell morphology similar to that observed in astrocytes in primary cell culture (8, 14, 21, 25 ) and C-6 astrocytorna ceils (22) . In this study we have described the initial changes that occur in intracellular cAMP and cell morphology after receptor stimulation. Intracellular cAMP levels rise rapidly, reach a peak after 5 rain, and decay towards control levels. However, changes in cell morphology have a different time course. While some changes are observed almost immediately, the most obvious do not begin for 5-10 min and continue for at least 30 min before an apparent steady-state condition is observed. Two observations indicate that changes in cell morphology require continuous beta-adrenergic receptor activation, (a) If after an initial 10-min period of activation further receptor function is blocked by addition of the beta-adrenergic antagonist propranolol, cells fail to change shape ( Activation of beta adrenergic receptors results in activation of adenylate cyclase and increases in intracellular cAMP (18) . Two additional observations are consistent with the hypothesis that shape change results from increases in intracellular cAMP. First, treatment of cells with the cAMP analogue dibutyryl cAMP resulted in changes in cell morphology (Fig.  4) . Second, forskolin, a direct activator of adenylate cyclase (2, 29) , produced changes in intracellular cAMP and cell morphology similar to those observed with the beta-adrenergic agonist (Fig. 4) . Thus, the pharmacological data indicate that beta-adrenergic receptor-mediated changes, in cell morphology are cAMP-dependent and require continuous receptor activation.
Since cAMP functions in cells to activate cAMP-dependent protein kinase, beta-adrenergic-stimulated changes in cell morphology may result from phosphorylation of cellular proteins. Consistent with this hypothesis is the observation that several cytoskeletal proteins (GFAP and vimentin) are phosphorylated by cAMP-dependent protein kinase and a Ca §247 phosphoinositol-dependent protein kinase (7, 20, 25) . Treatment of primary cultures of astrocytes with phorbol esters, activators of Cam-sensitive, phosphoinositol-dependent protein kinase, produces changes in cell morphology. Thus, morphologic changes may be regulated by several different intracellular pathways acting on common cellular constituents. Vimentin and GFAP, however, may not be these constituents since Pollenz and McCarthy (25) have demonstrated temperature-dependent changes in cell morphology without phosphorylation of these proteins. Thus, the relationship between phosphorylation of GFAP and vimentin and changes in cell morphology is not clear.
While changes in cell morphology may result from increases in intracellular cAMP levels, cAMP-dependent protein kinase activation, and protein phosphorylation, the mechanisms by which these processes regulate cell function are not clear. Our previous data (18, 31) and that of others (10, 23) indicates that activation of adenylate cyclase produces significantly greater amounts of cAMP than those required to maximally activate cellular responses. For instance, activation of beta adrenergic receptors on LRM55 astroglial cells and primary cultures of astrocytes stimulates release of taurine. Maximal taurine release is stimulated by a concentration of (-)-isoproterenol that produces a small increase in intracellular cAMP, ,x,10 % of a maximal response (18, 31) . Comparison of the time courses for receptor-stimulated increase (Fig. 10 ) in intracellular cAMP levels (broken line), taurine release (solid line), and changes in cell morphology (boM line) indicate that taurine release and cell morphology are regulated differently. During continuous receptor stimulation taurine release peaks rapidly, reaches an elevated steady-state, and after removal of the agonlst, abruptly returns to baseline (tl/2 ~<3 min) (18, 31) . Changes in morphology begin more slowly, reaching an apparent maximum only after •30 min. This new morphology is maintained for as long as the agonist is present. Cells slowly return to the control morphology when the agonist is removed (tu2 = 90 min). These observations indicate that activation of the same second messenger pathway may result in differential regulation of distinct cellular processes.
HVEM of control and (-)-isoproterenol-treated cells have made it possible to study changes in cytoarchitecture after receptor stimulation. The transition to a stellate morphology appears to follow a definite course. First, a redistribution of intracellular organdies occurs, followed by the development of embrasures that increase in number and size until processes develop and cytoplasm is withdrawn to the perinuclear region (Figs. 2, 7 B, 8, and 9) . A number of observations are consistent with this hypothesis. First, timelapse videomicroscopy indicates an increase in saltatory organelle movement and the dynamic development of embrasures. Second, HVEM observations showed that embrasures develop in organelle-free regions. Third, embrasures develop and enlarge adjacent to regions that become processes. Fourth, light and electron microscopic observations indicate that the perinuclear region becomes larger simultaneous with process development.
Discrete changes in cytoplasmic organization were associated with the transition from epithelial to stellate morphology. An open delicate network of fine fibrils appears to become condensed, irregular, and thickened. There are a number of indications that these differences reflect changes in biological regulation and not preparation artifacts. (a) Regions of condensed cytoplasm were observed almost exclusively in (-)-isoproterenol-treated cells and not controls, even though treated and control cells were dehydrated and critical point dried during the same run. In very rare occurrences, condensed cytoplasm was observed in control cells, but only at the periphery in regions that appeared to be undergoing shape change as indicated by large projections and filopodia. (b) Condensed cytoplasm was observed almost exclusively in regions of embrasure development and in or near processes resulting from cytoplasmic withdrawal. (c) Transitions from one state of cytoplasmic organization to another occurred at clearly defined and sharp interfaces within cells, suggesting that the differences were not due to a solvent gradient formed during sample processing. (d) The presence of many delicate cytoplasmic structures including microspikes, thin and unsupported projections, and membrane lamellae suggest that specimen preparation was properly executed. The cytoplasmic changes indicate that different regions of the cytoplasm may undergo changes depending on their functions. Since intense study of the detailed structure of the cytoplasm has not yet produced a clear consensus (4, 5, 15, (26) (27) (28) 39) , receptor-stimulated changes in cytoplasmic organization provide a unique opportunity to further investigate this fundamental problem.
